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The quality of traditional Chinese soy sauce is determined by microbial communities and
their inter-related metabolic roles in the fermentation tank. In this study, traditional Chinese
soy sauce brine samples were obtained periodically to monitor the transitions of the
microbial population and functional properties during the 6 months of fermentation pro-
cess.Whole genome shotgunmethod revealed that the fermentation brine was dominated
by the bacterial genus Weissella and later dominated by the fungal genus Candida.
Metabolic reconstruction of the metagenome sequences demonstrated a characteristic
proﬁle of heterotrophic fermentation of proteins and carbohydrates.This was supported by
the detection of ethanol with stable decrease of pH values. To the best of our knowledge,
this is the ﬁrst study that explores the temporal changes in microbial successions over a
period of 6 months, through metagenome shotgun sequencing in traditional Chinese soy
sauce fermentation and the biological processes therein.
Keywords: traditional Chinese soy sauce, fermentation, metagenomic, next generation sequencing, whole genome
shotgun, food microbiology
INTRODUCTION
Soy sauce is an important condiment in Asian food and the
quality of soy sauce is dependent on the microbial population
during its fermentation process (Yong and Wood, 1974; O’toole,
1997; Hutkins, 2006). Unlike other soy sauce production, the
fermentation process of traditional Chinese soy sauce, both its
solid and liquid states, do not involve deﬁned inoculum. Tradi-
tional Chinese soy sauce fermentation manufacturing relies solely
on natural microbial selection to produce the end product. The
microbial assemblage in these traditional processes is more com-
plex than that of controlled industrialized food (Ercolini, 2013).
Additionally, the usage of starter cultures under mass produc-
tion fermenters fail to duplicate the whole microbial community
of traditional fermentation. This leads to the production of
less fragrant products (Zhao et al., 2009). Therefore, determin-
ing the whole microbial populations involved in the traditional
fermentation processes will assist in the development of deﬁne
Chinese soy sauce culture, which would allow future improve-
ment in production output whilst still maintaining the required
qualities.
Previous studies on microbial communities in soy based
fermentation processes using PCR-denaturing gradient gel elec-
trophoresis (PCR-DGGE) reported the presence of Weissella
cibaria, Lactobacillus fermentum, Staphylococcus gallinarium,
Staphylococcus kloosii, and Staphylococcus arlette (Kim et al., 2010;
Tanaka et al., 2012). Similar studies using pyrosequencing noted
that Korean fermented soybean bricks (Meju) were dominated
by the lactic acid bacteria (LAB) and Bacillus species (Kim et al.,
2011). Although culture independent protocols, such as the PCR-
DGGE and 16S rRNA genes metagenome sequencing provided
insights into the general fermentative microbial population and
environment, they introduce bias in determining microbial abun-
dance (Polz and Cavanaugh, 1998; Nikolausz et al., 2005; Hong
et al., 2009). In contrast, whole genome shotgun (WGS) anal-
ysis provides useful data pertaining to not only the taxonomic
perspective, but also the metabolic and functional diversity of
the microbial population during fermentative stages (Eisen, 2007;
Simon and Daniel, 2009). WGS therefore, provides a better view
of the fermentation process.
The quality of soy sauce is determined by its chemical proper-
ties (Yong andWood,1974; Gao et al., 2011). The chemical changes
within the fermentation liquor selectively inhibit the growth of
certain organisms, while allowing others to proliferate (Noda
et al., 1980; Hutkins, 2006; Kim et al., 2011). By analyzing the
composition of the microbial community and chemical compo-
nents involved, interrelationship, and functional proﬁles can be
established.
Prior to this, no systematic study on the mixed micro-
bial community of traditional Chinese soy sauce using shotgun
metagenome approach has been done. By utilizing the WGS
approach coupled with next-generation sequencing (NGS), this
study aims to determine the succession of bacterial and fun-
gal communities and its potential metabolic capabilities during
Chinese soy sauce fermentation.
MATERIALS AND METHODS
SAMPLE COLLECTION
Chinese soy sauce fermentative samples were taken from a fermen-
tation tank of traditional Chinese soy sauce factory in Malaysia.
The sample does not involve commercial starter culture. The soy
sauce fermentation brine (3.0 L) was collected from the same tank
at day zero, 1, 2, 3, 4, 5, and 6 months of fermentation. Samples
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were collected in sterile bottles and stored at −20◦C prior to DNA
extraction and physicochemical analysis.
PHYSICOCHEMICAL ANALYSIS OF SOY SAUCE BRINE
Total nitrogen and salt concentration was tested using the Kjel-
dahl method and direct titration method based on Mohr method,
respectively. Ethanol concentration was determined by gas chro-
matography (GC) and total acidity was measured based on
titrationmethod. The reducing sugar levels were determined using
the Lane-Eynon titration method. All the above analysis except
the pH determination, were outsourced to accredited ISO 17025
certiﬁed laboratories.
METAGENOMIC DNA EXTRACTION AND NGS
The soy sauce brine was centrifuged at 10,000 g for 45 min
at 4◦C. The pellets were washed three times with phosphate-
buffered saline (PBS; pH 7.0) and ﬁltered through four layers
of sterile gauze. The ﬁltrate were sequentially ﬁltered through
nitrose cellulose membranes (1.2 and 0.2 μm pore sizes, respec-
tively) using a vacuum pump. The DNA was harvested from the
membranes and was extracted using Metagenome DNA Isola-
tion Kit for Water (Epicentre, USA) with minor modiﬁcations.
The extracted DNA was further puriﬁed using the Agencourt
AMPure XP (Beckman Coulter, USA) according to the manufac-
turer’s protocol. DNA quality was checked on NanoDrop 2000c
instrument (Thermo Scientiﬁc, USA) and quantiﬁed on Qubit
2.0 Fluorometer (Invitrogen, USA). Sequence libraries were gen-
erated with the total genomic DNA using Nextera DNA Sample
Preparation Kits (Illumina, USA) according to the manufacturer’s
guidelines. The libraries were quantiﬁed using Qubit 2.0 Fluo-
rometer. The quality and the size distribution of the libraries
were determined by using High Sensitivity DNA chips and DNA
Reagents on BioAnalyzer 2100 (Agilent, USA). Sequencing was
performed in the MiSeq (Illumina, USA) system for a 151 cycle
paired-end run.
SEQUENCE ANALYSIS OF EXTRACTED SOY SAUCE METAGENOMIC DNA
The raw sequences were trimmed to Qscore of 20 and then
assembled with CLC Genomic Workbench 5.1.1. Sequences less
than 50 bp were discarded. Minimum contig length was set at
400 bp. Assembled contigs with an average coverage of more than
10 times were searched for the presence of eukaryotic compo-
nents by BLASTN with GenBank nucleotide (nt) database with
e-value of <10−6. The contigs were then segregated into prokary-
ote and eukaryotic origins. The quality trimmed unassembled
reads were subjected to USEARCH v6.0 (Edgar, 2010) with the
SSURef_111_NR alignment from SILVA (Pruesse et al., 2007) for
both the 16S rRNA and 18S rRNA genes (e-value of <10−20).
The USEARCH outputs from each sample were normalized inter-
nally in MEGAN version 4.70.4 by checking the “use normalized
count” option prior to combining the data for biodiversity and
abundance assessment (Huson et al., 2011). Taxonomic classi-
ﬁcation was based on 97% identity threshold, at genus level.
Microbial relative abundance was calculated based on the pro-
portion of assigned reads within each fermentation stage. In order
to compare the overall microbial community in each of the soy
sauce brine fermentation stages and the sampling completeness,
the sequences from all of the samples were clustered into OTUs
based on 97% sequence similarity with uclust and Good’s cov-
erage, respectively, using an open source software, Quantitative
Insights into Microbial Ecology (QIIME; Caporaso et al., 2010).
Genes were predicted on the prokaryotic contigs using Prodi-
gal (Prokaryotic Dynamic Programming Geneﬁnding Algorithm;
Hyatt et al., 2010). Separately, the gene predictions of the eukary-
otic contigs were done using web server gene prediction software,
AUGUSTUS (Stanke and Morgenstern, 2005). The predicted
genes were compared to reference protein sequences in NCBI
non-redundant (nr) database using protein database search tool
RAPSearch V2_60 (Ye et al., 2011). Functional analysis was done
based on the Kyoto encyclopedia of genes and genomes (KEGG)
classiﬁcation scheme using MEGAN version 4.70.4. Metabolic
pathways present were ﬁltered using minimal set of pathways
(MinPath) parsimony analysis (Ye and Doak, 2009). Statistical
analysis was done based on the number of coding sequences (CDS)
categorized in the functional categories. SPSS version 21 (SPSS
IBM,USA)was used toperformoneway ANOVAanalysis to deter-
mine themeandifference of CDSbetween all functional categories.
STAMP analysis was further employed to perform statistical anal-
ysis of gene enrichment in each functional categories using the
default setting for two-samples comparison, e.g., two-sided G-test
(w/Yates’) + Fisher’s exact test (Parks et al., 2014).
In order to establish a traditional Chinese soy sauce core
metagenome, unassembled quality trimmed reads from all seven
samples were combined and assembled via de novo assembly.
The abundance of a speciﬁc gene of interest was calculated by
mapping reads from each sample to the draft metagenome with
90% identity cutoff and at least 80% aligned length. The func-
tional potential was then visualized using the KEGG classiﬁcation
scheme. The genes encoding for the enzymes class of interest
were inspected and the sequence descriptions were veriﬁed using
Blast2GO(Conesa et al., 2005). The gene abundancewas estimated
by dividing the accumulated abundance value (total reads/gene
length) of genes in each selected enzyme commission (EC) with
the total number of quality trimmed reads. The value was subse-
quently multiplied with one million to obtain reads per bases per
million reads
NUCLEOTIDE SEQUENCES ACCESSION NUMBER
The soy sauce brine metagenomic raw reads were deposited in
the NCBI Short Read Archive with accession number SRA064709
under study accession SRP017928.
RESULTS
PHYSICOCHEMICAL PROPERTIES OF THE SOY SAUCE BRINE
The pH value showed a gradual decrease over time. At day zero,
the initial pH value of pH 5.3 at day zero decreased to pH 4.3 on
the sixth month. The total acidity content increased steadily from
0.15% (w/v) at day zero to 0.53% (w/v) at month six (Figure 1A).
The reducing sugar level peaked at the third month and decreased
to less than 0.3% (w/v) by the end of the fermentation (Figure 1B).
The soy sauce mash salt concentration was at 2.89 M at day zero
and ended at 3.44 M (Figure 1B). Ethanol concentration was not
detected at the beginning but began to increase from the fourth
month onward and achieved its maximal level of 0.13% (w/w)
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FIGURE 1 | Physicochemical changes in the traditional Chinese soy
sauce fermentation brine (A) pH and acidity mean values at
various fermentation stages. Data are expressed as the means
of ± SEM value of triplicates (pH value) and duplicates (acidity),
(B) NaCl and reducing sugar content, (C) ethanol concentration of
traditional Chinese soy sauce and (D) changes in percentages of total
nitrogen content. Data are presented as means ± SEM values of
duplicates.
by the ﬁfth month. By the end of the fermentation, the ethanol
concentration was at 0.1% (w/w; Figure 1C). The total nitrogen
level began to increase after a month into the fermentation process
and was at 1% by the end of the sixth month (Figure 1D).
NGS USING ILLUMINA MiSeq
A total of 11.36 Gb of raw reads were generated from seven soy
sauce fermentation brine samples. The quality reads after trim-
ming was 9.10 Gb of sequences. An average of 1.30 Gb (ranging
between 1.20 to 1.96 Gb) of quality sequences was obtained from
each sample. The average length of sequence generated after qual-
ity trim was between 112.2 to 134.2 bp. Table 1 summarizes the
NGS data statistics from the soy sauce samples. The assembled
sequences from all seven stages of fermentation generated a total
of 63,245 contigs (86.02 Mb) of more than 400 bp in length, with
N50 of 1,873 bp. More than 85% of the genes had at least 50% of
their length covered by a single fermentation stage at 80% identity
threshold. This indicated that the gene set from each fermenta-
tion stage includes more than half of the fermentation process
genes.
TAXONOMIC ASSIGNMENTS OF SOY SAUCE MICROBIOME
At 97% conﬁdence threshold, an average of 0.55% of the reads
matched the 16S rRNA genes, and 0.29% of the reads matched
the 18S rRNA genes (Table 1) while 0.08% of the reads were
unassigned. The analysis indicated the number of 16S rRNA
genes decreased whereas 18S rRNA increased as the fermentation
progressed. No Archaeal 16S rRNA genes were found.
The average number of operational taxonomical units (OTUs)
for each sample was 1360, which ranged between 1040 and
1800 OTUs. A rarefaction analysis was used to determine the
sequence coverage of the current study. The result showed sim-
ilar curves pattern from each of the stages without reaching
saturation (Figure 2). This suggests that a portion of OTUs
still existed and that more sequencing attempts are required
to detect all the available phylotypes. However, based on
Good’s coverage at 97% threshold, estimated the sampling
completeness at an average of 98.9% (ranging in between 98
to 99%). This suggests that the majority of the microbial
phylotypes in the traditional Chinese soy sauce sample were
identiﬁed.
Amicrobial successionwas observed over the 6-month fermen-
tationprocess (Figure 3A). At day zero,Weissella (42%)dominated
the fermentation brine, followed byBacillus and Lactobacillus with
22 and16%, respectively (Figure 3A). These three genera remained
the most abundant population in the soy sauce fermentation brine
until the third month and declined by the fourth month, to a total
of 19% by the end of sixth month. Throughout the fermentation
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Table 1 | Summary of MiSeq Illumina sequences.
Day 0 Month 1 Month 2 Month 3 Month 4 Month 5 Month 6
No. of sequences generated (bp) 1,774,294,619 1,201,774,458 1,806,125,496 1,424,367,836 1,956,458,463 1,500,286,688 1,694,203,762
No. of reads generated 15,674,350 10,434,346 11,961,096 10,526,436 13,725,540 10,749,596 11,777,702
No. of quality sequences generated (bp) 1,505,234,972 1,078,183,875 1,182,280,801 1,210,597,794 1,582,353,972 1,213,475,521 1,316,079,598
No. of quality reads 13,976,473 9,482,454 10,820,621 9,630,743 12,420,866 9,545,509 10,550,831
Avg. length of quality reads (bp) 112.2 116.4 113.5 130.5 134.2 133.4 132.2
% of reads mapping to 16S rRNA1 0.67 1.0 0.77 0.55 0.25 0.38 0.23
% of reads mapping to 18S rRNA1 0.01 0.01 0.10 0.37 0.44 0.52 0.57
No. of contig (>400 bp) 24,012 17,560 26,767 23,299 23,091 20,013 16,247
Total contig lengths (bp) 30,520,799 21,335,799 41,751,918 42,649,821 41,669,126 36,317,955 28,098,581
1Percentages calculated based on the total number of quality reads after removing sequences <50 bp.
FIGURE 2 | Rarefaction curves of the microbial diversity in traditional
Chinese soy sauce fermentation brine. Rarefaction curves were
constructed with 97% sequence similarity at genus level.
process, LAB (Weissella, Lactobacillus, Leuconostoc, Pediococcus,
Enterococcus, and Lactobacillus) contributed more than 43% of
the population (Figure 3A).
The relative abundance of the yeast community began to
increase in the second month of fermentation. Candida accounted
for only 0.03% of the population at day zero but by the sixth
month, the Candida population represented more than 68%.
The change in the dominancy of yeast and LAB population are
presented in Figure 3B. Overall, the biodiversity of bacterial
population of the fermentation stages maintained throughout
the process and increased in the ﬁnal stage of fermentation. On
the contrary, the diversity of fungal population displayed almost
twofold-lower Shannon-Weaver index from 2.166 at day zero to
0.33 by the end of the fermentation process.
MICROBIAL FUNCTIONS IN TRADITIONAL CHINESE SOY SAUCE BRINE
FERMENTATION
A total of 176 predicted pathways were identiﬁed in this study,
enabling better understanding toward the microbial functional
capabilities. There was signiﬁcant mean difference of CDS among
the functional categories by post hoc test Bonferroni’s proce-
dures. The metabolic reconstruction using KEGG showed an
average of 3872 CDS (16.96%; p < 0.001) was classiﬁed under
carbohydrate metabolism and was consistently found in all of
the soy sauce metagenome libraries. Amino acid metabolism,
nt metabolism, and energy metabolism showed an average of
2404 CDS (10.53%; p < 0.01), 1666 CDS (7.29%; p < 0.05),
and 1441 CDS (6.31%; p < 0.01), respectively (Figure 4).
Additional statistical analysis using STAMP also showed signif-
icant enrichment genes pertaining to membrane transport and
signaling molecules and interaction in the later stage of the
fermentation.
The overall reconstruction showed the presence of glycolysis,
citrate cycle (TCA cycle), and pentose phosphate pathway among
other carbohydrate metabolism pathways. The annotated func-
tions are importantmetabolic pathways for all bacteria andprotein
complexes (oxidative phosphorylation), in addition to cellular
metabolism (purine and pyrimidine metabolism). Upon closer
inspection into the third level of the KEGG pathway, reputed
fermentation speciﬁc functions were found, which included the
production of ﬂavoring and aromatic compounds (arginine, pro-
line, alanine, aspartate, glutamate). Further examination into the
orthologous gene families led to the ﬁndings of three unique func-
tions to the pathway, namely EC 4.4.1.22 [S-(hydroxymethyl) glu-
tathione synthase], EC 1.1.1.284 [S-(hydroxymethyl) glutathione
dehydrogenase], and EC 3.1.2.12 (S-formylglutathione hydro-
lase). These enzymes are important in the detoxiﬁcation of
formaldehyde in bacteria (Goenrich et al., 2002).
Inspection into the metabolic potential of traditional Chinese
soy sauce revealed the microbial capability for adaptation. The
genes involved in oxidative phosphorylation revealed the pres-
ence of cytochrome bd complex. The presence of cytochrome
bd complex enhances microbial afﬁnity to oxygen and is able
to express under limited oxygen condition (Borisov et al., 2007).
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FIGURE 3 | Microbial diversity of traditional Chinese soy sauce fermentation brine (A) Relative abundance of 22 frequent microbial genus and (B)
Relative abundance of yeast and LAB in soy sauce mash throughout the fermentation process.
Furthermore, gene encoding for subunit H of the vacuolar H+-
ATPase was absence in the microbial population of traditional
Chinese soy sauce. Inspection of the glycolysis pathway revealed
that the presence of gene encoding for the production of L-lactate
(EC 1.1.27) and D-lactate (EC 1.1.1.28) dehydrogenase displayed
ﬁvefold decrease from day 0 to the sixth month of the fermen-
tation process, correlating strongly with the relative abundance
of LAB (Pearson’s correlation coefﬁcient = 0.99; p < 0.00001).
The abundance of genes coding for branched-chain amino acid
aminotransferase (EC 2.1.6.42) in valine, leucine, and isoﬂavones
biosynthesis and degradation increased gradually after the ﬁrst
month (Figure 5) with a strong positive correlation with the rel-
ative abundance of yeast (Pearson’s correlation coefﬁcient = 0.81;
p = 0.028). Although the ethanol concentration throughout
the fermentation presented a moderate correlation with respect
to the relative abundance of LAB (Pearson’s correlation coefﬁ-
cient=−0.69) and yeast (Pearson’s correlation coefﬁcient= 0.68),
the p-value was not low enough to be statistically signiﬁcant.
DISCUSSION
Whole genome shotgun is a valuable molecular tool to study the
microbial dynamics and functionality in a given natural envi-
ronmental habitat without the limitation and biases of culturing
(Dunbar et al., 1997; Pettengill et al., 2012). In this study, WGS
metagenomic via NGS approach was used to establish the natural
microbiota succession and their functional capabilities involved in
the traditional Chinese soy sauce fermentation brine in addition
to determining its relation to physicochemical changes.
Our NGS data revealed a succession of microbial assemblage
in the traditional Chinese soy sauce fermentation brine. In the
ﬁrst half of the soy sauce fermentation, bacteria were the domi-
nantmicroorganismbut succeeded subsequently by yeast. Notably,
albeit aminority, food-bornepathogens fromthe genus Salmonella
and Listeria (Farber and Peterkin, 1991; Mead et al., 1999) were
present in the soy sauce mash. As these bacteria represent only a
small portion of themicrobial population in the soy sauce fermen-
tation brine, it was considered as contaminant from the environ-
ment, most probably by the materials handlers. Their inability to
survive in the fermentation tank was probably due to the stressful
environment during the fermentation process and the production
of antimicrobial peptides and proteins by the LAB (Paul Ross et al.,
2002; Rattanachaikunsopon and Phumkhachorn, 2010).
The gradual decrease of pH values and steady increase of acid-
ity content over the 6-month period of soy sauce fermentation,
correlated to the presence of LAB. Our ﬁnding on the abundance
of LAB present in our samples is in agreement with a previous
study that has reported the isolation of LAB from soy sauce mash
(Tanasupawat et al., 2002). It has beenwell documented- that these
salt tolerant LABs are responsible for breaking down carbohydrate
into lactic acid and simple sugar, which caused acidiﬁcation of
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FIGURE 4 |Traditional Chinese soy sauce fermentation brine functional capabilities and diversities. % Classiﬁed (Y-axis) represents the percentage of
annotated predicted proteins from the metagenome assembly assigned to different Kyoto encyclopedia of genes and genomes (KEGG) second-level pathways.
Letters “a” and “b” above bar indicates signiﬁcant difference (p-value < 0.05) in comparison to Month 0 and Month 1 respectively.
the mash (Kandler, 1983; Leroy and De Vuyst, 2004; Zhao et al.,
2009). The decrease of pH level in the fermentative brine pro-
duced a hostile environment for less acid tolerant microorganism.
In addition to LAB, yeasts, Micrococcus, Streptococcus, Bacillus,
and related bacteria were present in the fermentation brine. Simi-
lar results were also reported previously to be present in soy sauce
mash (Yokotsuka and Sasaki, 1997; Fukushima, 2004). However,
it is noteworthy to point out that these published works are based
on culturable bacteria study instead of using NGS as in the present
work, which covers the unculturable microorganism.
The increase in the brine salinity and acidity as the fermen-
tation progressed provided an optimal growth environment for
halotolerant and acid tolerant yeast (Betts et al., 1999; van der
Sluis et al., 2001). The present study observed an increase of the
yeast population by more than 70% in which primarily involved
the genera Candida, Starmerella, and Wickerhamiella, whilst there
was a reduction of LAB abundance by 50% by the end of the
fermentation process. Although the yeast population increased,
the overall richness of the fungal population decreased over time.
Interestingly, although the abundance of bacteria declined as the
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FIGURE 5 | Abundance estimation of genes assigned to lactate
dehydrogenase (EC 1.1.1.27 and 1.1.1.28) and branched-chain amino
acid transferase (EC 2.6.1.42) relevant to soy sauce fermentation. Gene
abundance was normalized to the number of reads and gene length.
fermentation process proceeded, the richness of the bacterial pop-
ulation increased in the ﬁnal stage of fermentation. This is due to
the emergence of acid tolerant bacteria from the family Propioni-
bacteriaceae (Jan et al., 2000) and Acidobacteriaceae (Hamberger
et al., 2008). This correlates with the high acidic environment of
the soy sauce fermentation brine by the end of the process. This
study reports for the ﬁrst time the presence of Propionibacteri-
aceae and Acidobacteriaceae in Chinese soy sauce fermentation.
However, their existence only in the ﬁnal month of fermentation
may proof that they do not play an active role in the fermen-
tation process. Further investigations are required to determine
this. It is worthy to note that Propionibacterium has been used in
the dairy industry as a secondary microﬂora to produce aromatic
compounds and carbon dioxide (Giraffa, 2004).
By the end of the fermentation process, we observe the presence
of yeast genus Saturnispora. This yeast was reported to have been
isolated from a broad array of environment. This includes estu-
arine water from mangrove forest, ﬂowers, forest soil, insect frass,
marsh water, rhizosphere of oyster grass, and even Drosophila ﬂies.
This yeast has never been associated with soy sauce fermentation
before, although it has been isolated from Sauerkraut (Barriga,
2011). Its function in biotechnology is unknown and raises a pos-
sibility of being a potential spoilage microorganism (Kurtzman
et al., 2011). Thus, our results suggest that extending fermentation
time may encourage growth of spoilage microbial population.
The LAB found in the present study can be divided into
two groups established according to the end product of glu-
cose fermentation. Lactococcus, Enterococcus, and Pediococcus
are homofermentatives that produce sole lactic acid as the ﬁnal
product through Embden-Meyerhof-Parnas (EMP) pathway (Rat-
tanachaikunsopon and Phumkhachorn, 2010). This explains the
presence of genes encoded for the production of phosphofruc-
tokinase, pyruvate kinase, and lactate dehydrogenase, which are
crucial in the EMP pathway. Weissella, Leuconostoc, and some of
the lactobacilli are obligate heterofermentative LAB, which pro-
duced lactate, carbon dioxide, and ethanol and/or acetate as a
result of hexose monophosphate or pentose pathway (Von Wright
and Axelsson, 2004; König and Fröhlich, 2009). Furthermore, the
observed gene abundance for the production of both D-lactate and
L-lactate dehydrogenases decreased as the fermentation process
progressed. This exhibited the shift to heterolactic fermentation
(Moat et al., 2003) in the fermentative brine, which conﬁrms that
traditional Chinese soy sauce in the present study is achieved
mostly by heterofermentative LAB.
We observed increased presence of gene encoding for the pro-
duction of glucoamylase (EC 3.2.1.3) in the ﬁrst month. This
corresponded with increased concentration of reducing sugar in
the ﬁrst month as the enzyme hydrolyzed dextrin into simple sug-
ars (Nigam and Singh, 1995). Meanwhile, the decrease in reducing
sugar content by the fourth month suggested that the rising yeast
population utilized the simple sugars as carbon source. Similar
ﬁndings have also been observed by Chou and Ling (1998).
The emergence of yeast group in our samples correlated to the
detection of ethanol in the samples. The yeast population uti-
lized simple sugars and produced ethanol as by-products. This
ﬁnding conﬁrms the observation of Ghose and Bandyopadhyay
(1980). The absence of Zygosaccharomyces and Saccharomyces,
which commonly attributed to the production of ethanol in
fermented product (Hamada et al., 1990; Nissen et al., 2000),
explains the lower amount of ethanol in Chinese soy sauce brine
than that of the popular Japanese Koikuchi shoyu (Luh, 1995;
O’toole, 1997).
The presence of genes encoding for the branched-chain amino
acids (BCAAs) – isoleucine, leucine and valine were observed from
the soy sauce mash. BCAAs were reported to be important in some
LAB for proteolysis (Liu et al., 2008) and essential in the produc-
tion of volatile compounds such as acids, alcohol and esters (Yvon
andRijnen,2001;Marilley andCasey,2004; Smit et al., 2005).Can-
dida species are able to metabolize the BCAAs through the Ehrlich
pathway, which involves the branched-chain aminotransferase,
decarboxylase, and alcohol dehydrogenase in producing ﬂavor
compounds in fermented foodproducts (Derrick and Large, 1993;
ter Schure et al., 1998). The gene encoding for the production
BCAA aminotransferase increased as the fermentation process
progressed. This corresponds to the increased abundance of Can-
dida in our sample, which was found to be the most abundant
microorganism by the end of the fermentation process. Inter-
estingly, Candida was reported as producing higher amount of
ﬂavoring substances as compared to other yeasts (O’toole, 1997).
Thepresent studyprovides evidence of adaptive potential, espe-
cially in relation to oxidative phosphorylation. The presence of
cytochrome bd complex coupled with high level of coverage in
pentose phosphate pathway indicated reaction toward low oxygen
level in the fermentation tank. Furthermore, there was an absence
of gene encoding for subunit H of the vacuolar H+-ATPase.
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Subunit H is not required for the assembly of V-ATPase but an
ATPase devoid of it cannot function and are unable to pump
protons into the cell (Nishi and Forgac, 2002; Alba-Lois and
Segal-Kischinevzky, 2010).
It was reported that lackingV-ATPase activity in yeast is unable
to grow at pH neutral media, but thrive under a more acidic envi-
ronment (Graham et al., 2003). This correlates back to our study,
with the acidic condition in our soy sauce mash.
To the author’s knowledge, this is the ﬁrst microbiota stud-
ied using NGS, reporting both the taxonomy and the microbial
functional potential throughout traditional Chinese soy sauce
fermentation process for a total of 6 months.
The small sample size in this study prevents us from conclud-
ing results representing the whole traditional Chinese soy sauce
fermentation process. However, this study does allow an overview
of the complexities involved in this “ancient biotechnology” fer-
mentation practice. Our meta-data showed the pH was closely
associated with the abundance of LAB detected. The production
of ethanol corresponded well to the shift to heterotrophic fermen-
tation and the depletion of reducing sugar, in the spontaneous
presence of yeast population. In addition to that, the total nitro-
gen liberated from soy and wheat ﬂour protein increased without
the addition of exogenous supply of nitrogenous sources. Future
metatranscriptomic studies are required to support our ﬁndings in
regards to functional properties during the fermentation process.
Though WGS sequencing is still too costly for standard use in the
food industry, we do believe that the rapid lowering of sequencing
costs and automation will result in it becoming a routine tech-
nology, employed for food quality, and insights into microbial
activities in food samples.
AUTHOR CONTRIBUTIONS
Joanita Sulaiman performed experiments, analyzed data, and
wrote the paper; Wai-Fong Yin design experiments, prepared the
samples, edited the paper; Han Ming Gan analyzed and interpret
data; Kok-Gan Chan design, supervised the project, and wrote the
paper.
ACKNOWLEDGMENTS
This work was supported by the University of Malaya for High
Impact Research Grant (UM-MOHE HIR Nature Microbiome
Grant No. H-50001-A000027). Han Ming Gan acknowledges
ﬁnancial support from Monash University Malaysia Tropical
Medicine and Biology Multidisciplinary Platform grant. The
authors express our gratitude to the late Kun Lok Chan for sup-
plying the soy sauce samples and access to the soy sauce brine
fermentation tanks.
REFERENCES
Alba-Lois, L., and Segal-Kischinevzky, C. (2010). Beer & wine makers. Nature Educ
3, 17.
Barriga, E. J. C. (2011). “Yeasts biodiversity and its signiﬁcance: case studies in
natural and human-related environments, ex situ preservation, applications and
challenges,” in Changing Diversity in Changing Environment, eds O. Grillo and G.
Venora. (Rijeka: InTech), 55–86.
Betts, G., Linton, P., and Betteridge, R. (1999). Food spoilage yeasts: effects of pH,
NaCl and temperature on growth. Food Control 10, 27–33. doi: 10.1016/S0956-
7135(98)00151-0
Borisov, V. B., Forte, E., Sarti, P., Brunori, M., Konstantinov, A. A., and
Giuffre, A. (2007). Redox control of fast ligand dissociation from Escherichia
coli cytochrome bd. Biochem. Biophys. Res. Commun. 355, 97–102. doi:
10.1016/j.bbrc.2007.01.118
Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello,
E. K., et al. (2010). QIIME allows analysis of high-throughput community
sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303
Chou, C.-C., and Ling, M.-Y. (1998). Biochemical changes in soy sauce prepared
with extruded and traditional raw materials. Food Res. Int. 31, 487–492. doi:
10.1016/S0963-9969(99)00017-4
Conesa, A., Götz, S., García-Gómez, J. M., Terol, J., Talón, M., and Robles,
M. (2005). Blast2GO: a universal tool for annotation, visualization and anal-
ysis in functional genomics research. Bioinformatics 21, 3674–3676. doi:
10.1093/bioinformatics/bti610
Derrick, S., and Large, P. J. (1993). Activities of the enzymes of the Ehrlich pathway
and formation of branched-chain alcohols in Saccharomyces cerevisiae and Can-
dida utilis grown in continuous culture on valine or ammonium as sole nitrogen
source. J. Gen. Microbiol. 139, 2783–2792. doi: 10.1099/00221287-139-11-2783
Dunbar, J., White, S., and Forney, L. (1997). Genetic diversity through the looking
glass: effect of enrichment bias. Appl. Environ. Microbiol. 63, 1326–1331.
Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461
Eisen, J. A. (2007). Environmental shotgun sequencing: its potential and chal-
lenges for studying the hidden world of microbes. PLoS Biol. 5:e82. doi:
10.1371/journal.pbio.0050082
Ercolini, D. (2013). High-throughput sequencing and metagenomics: moving for-
ward in the culture-independent analysis of foodmicrobial ecology.Appl. Environ.
Microbiol. 79, 3148–3155. doi: 10.1128/AEM.00256-13
Farber, J., and Peterkin, P. (1991). Listeria monocytogenes, a food-borne pathogen.
Microbiol. Rev. 55, 476–511.
Fukushima, D. (2004). “Industrialization of fermented soy sauce production center-
ing around Japanese shoyu,” in Food Science and Technology, ed. K. H. Steinkraus
(New York, NY: Marcel Dekker), 1–88.
Gao, X., Cui, C., Ren, J., Zhao, H., Zhao, Q., and Zhao, M. (2011). Changes in the
chemical composition of traditional Chinese-type soy sauce at different stages of
manufacture and its relation to taste. Int. J. Food Sci. Technol. 46, 243–249. doi:
10.1111/j.1365-2621.2010.02487.x
Ghose, T., and Bandyopadhyay, K. (1980). Rapid ethanol fermentation in
immobilized yeast cell reactor. Biotechnol. Bioeng. 22, 1489–1496. doi:
10.1002/bit.260220713
Giraffa, G. (2004). Studying the dynamics of microbial populations during food fer-
mentation. FEMS Microbiol. Rev. 28, 251–260. doi: 10.1016/j.femsre.2003.10.005
Goenrich, M., Bartoschek, S., Hagemeier, C. H., Griesinger, C., and Vorholt,
J. A. (2002). A glutathione-dependent formaldehyde-activating enzyme (Gfa)
from Paracoccus denitriﬁcans detected and puriﬁed via two-dimensional pro-
ton exchange NMR spectroscopy. J. Biol. Chem. 277, 3069–3072. doi:
10.1074/jbc.C100579200
Graham, L. A., Flannery, A. R., and Stevens, T. H. (2003). Structure and
assembly of the yeast V-ATPase. J. Bioenerg. Biomembr. 35, 301–312. doi:
10.1023/A:1025772730586
Hamada, T., Sugishita, M., and Motai, H. (1990). Contributions of immobilized
and free cells of salt-tolerant Zygosaccharomyces rouxii and Candida versatilis to
the production of ethanol and 4-ethylguaiacol. Appl. Microbiol. Biotechnol. 33,
624–628. doi: 10.1007/BF00604926
Hamberger, A., Horn, M. A., Dumont, M. G., Murrell, J. C., and Drake, H. L.
(2008). Anaerobic consumers of monosaccharides in a moderately acidic fen.
Appl. Environ. Microbiol. 74, 3112–3120. doi: 10.1128/AEM.00193-08
Hong, S., Bunge, J., Leslin, C., Jeon, S., and Epstein, S. S. (2009). Polymerase chain
reaction primers miss half of rRNA microbial diversity. ISME J. 3, 1365–1373.
doi: 10.1038/ismej.2009.89
Huson, D. H., Mitra, S., Ruscheweyh, H.-J., Weber, N., and Schuster, S. C. (2011).
Integrative analysis of environmental sequences using MEGAN4. Genome Res. 21,
1552–1560. doi: 10.1101/gr.120618.111
Hutkins, R. W. (2006). Microbiology and Technology of Fermented Foods. Ames, IA:
Blackwell Publishing. doi: 10.1002/9780470277515
Hyatt, D., Chen, G. L., Locascio, P. F., Land, M. L., Larimer, F. W., and Hauser,
L. J. (2010). Prodigal: prokaryotic gene recognition and translation initia-
tion site identiﬁcation. BMC Bioinformatics 11:119. doi: 10.1186/1471-2105-
11-119
Frontiers in Microbiology | Food Microbiology October 2014 | Volume 5 | Article 556 | 8
Sulaiman et al. Chinese soy sauce microbiome
Jan, G., Rouault, A., and Maubois, J.-L. (2000). Acid stress susceptibility and acid
adaptation of Propionibacterium freudenreichii subsp. shermanii. Lait 80, 325–
336. doi: 10.1051/lait:2000128
Kandler, O. (1983). Carbohydrate metabolism in lactic acid bacteria. Antonie Van
Leeuwenhoek49, 209–224. doi: 10.1007/BF00399499
Kim, T. W., Lee, J.-H., Park, M.-H., and Kim, H.-Y. (2010). Analysis of bacterial
and fungal communities in Japanese- and Chinese- fermented soybean pastes
using nested PCR–DGGE. Cur. Microbiol. 60, 315–320. doi: 10.1007/s00284-009-
9542-4
Kim, Y. S., Kim, M. C., Kwon, S. W., Kim, S. J., Park, I. C., Ka, J. O., et al. (2011).
Analyses of bacterial communities in meju, a Korean traditional fermented soy-
bean bricks, by cultivation-based and pyrosequencing methods. J. Microbiol. 49,
340–348. doi: 10.1007/s12275-011-0302-3
König, H., and Fröhlich, J. (2009). “Lactic acid bacteria,” in Biology of Microorgan-
isms on Grapes, in Must and in Wine, eds H. König, G. Unden, and J. Fröhlich
(Berlin: Springer Verlag), 3–29. doi: 10.1007/978-3-540-85463-0_1
Kurtzman, C., Fell, J. W., and Boekhout, T. (2011). “Saturnispora,” in The Yeasts: A
Taxonomic Study, 5th Edn, Vol. 2, eds C. Kurtzman, J. W. Fell, and T. Boekhout
(New York, NY: Elsevier), 765–772. doi: 10.1016/B978-0-444-52149-1.00064-1
Leroy, F., and De Vuyst, L. (2004). Lactic acid bacteria as functional starter cultures
for the food fermentation industry. Trends Food Sci. Technol. 15, 67–78. doi:
10.1016/j.tifs.2003.09.004
Liu, M., Nauta, A., Francke, C., and Siezen, R. J. (2008). Comparative genomics
of enzymes in ﬂavor-forming pathways from amino acids in lactic acid bacteria.
Appl. Environ. Microbiol. 74, 4590–4600. doi: 10.1128/AEM.00150-08
Luh, B. (1995). Industrial production of soy sauce. J. Ind. Microbiol. Biotechnol. 14,
467–471.
Marilley, L., and Casey,M. (2004). Flavours of cheese products: metabolic pathways,
analytical tools and identiﬁcation of producing strains. Int. J. Food Microbiol. 90,
139–159. doi: 10.1016/S0168-1605(03)00304-0
Mead, P. S., Slutsker, L., Dietz,V., Mccaig, L. F., Bresee, J. S., Shapiro, C., et al. (1999).
Food-related illness and death in the United States. Emerg. Infect. Dis. 5, 607–625.
doi: 10.3201/eid0505.990502
Moat, A. G., Foster, J. W., and Spector, M. P. (2003). Microbial Physiology. NewYork,
NY: Wiley-Liss.
Nigam, P., and Singh, D. (1995). Enzyme and microbial systems involved in
starch processing. Enzyme Microb. Technol. 17, 770–778. doi: 10.1016/0141-
0229(94)00003-A
Nikolausz, M., Sipos, R., Revesz, S., Szekely, A., and Marialigeti, K. (2005). Observa-
tionof bias associatedwith re-ampliﬁcationof DNA isolated fromdenaturing gra-
dient gels. FEMS Microbiol. Lett. 244, 385–390. doi: 10.1016/j.femsle.2005.02.013
Nishi, T., and Forgac, M. (2002). The vacuolar (H+)-ATPases—nature’s most
versatile proton pumps. Nat. Rev. Mol. Cell Biol. 3, 94–103. doi: 10.1038/nrm729
Nissen, T. L., Kielland-Brandt, M. C., Nielsen, J., and Villadsen, J. (2000).
Optimization of ethanol production in Saccharomyces cerevisiae by metabolic
engineering of the ammonium assimilation. Metab. Eng. 2, 69–77. doi:
10.1006/mben.1999.0140
Noda, F., Hayashi, K., and Mizunuma, T. (1980). Antagonism between osmophilic
lactic acid bacteria and yeasts in brine fermentation of soy sauce. Appl. Environ.
Microbiol. 40, 452–457.
O’toole, D. K. (1997). The role of microorganisms in soy sauce production. Adv.
Appl. Microbiol. 45, 87–152. doi: 10.1016/S0065-2164(08)70262-4
Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP:
statistical analysis of taxonomic, and functional proﬁles. Bioinformatics [Epub
ahead of print].
Paul Ross, R., Morgan, S., and Hill, C. (2002). Preservation and fermentation:
past, present and future. Int. J. Food Microbiol. 79, 3–16. doi: 10.1016/S0168-
1605(02)00174-5
Pettengill, J. B.,Mcavoy, E.,White, J. R.,Allard,M., Brown, E., andOttesen,A. (2012).
Using metagenomic analyses to estimate the consequences of enrichment bias for
pathogen detection. BMC Res. Notes 5:378. doi: 10.1186/1756-0500-5-378.
Polz, M. F., and Cavanaugh, C. M. (1998). Bias in template-to-product ratios in
multitemplate PCR. Appl. Environ. Microbiol. 64, 3724–3730.
Pruesse, E., Quast, C., Knittel, K., Fuchs, B. M., Ludwig, W., Peplies, J., et al.
(2007). SILVA: a comprehensive online resource for quality checked and aligned
ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 35, 7188–
7196. doi: 10.1093/nar/gkm864
Rattanachaikunsopon, P., and Phumkhachorn, P. (2010). Lactic acid bacteria: their
antimicrobial compounds and their uses in food production. Ann. Biol. Res. 1,
218–228.
Simon, C., and Daniel, R. (2009). Achievements and new knowledge unraveled
by metagenomic approaches. Appl. Microbiol. Biotechnol. 85, 265–276. doi:
10.1007/s00253-009-2233-z
Smit, G., Smit, B. A., and Engels, W. J. (2005). Flavour formation by lactic acid
bacteria and biochemical ﬂavour proﬁling of cheese products. FEMS Microbiol.
Rev. 29, 591–610. doi: 10.1016/j.fmrre.2005.04.002
Stanke, M., and Morgenstern, B. (2005). AUGUSTUS: a web server for gene pre-
diction in eukaryotes that allows user-deﬁned constraints. Nucleic Acids Res. 33,
W465–W467. doi: 10.1093/nar/gki458
Tanaka, Y., Watanabe, J., and Mogi, Y. (2012). Monitoring of the micro-
bial communities involved in the soy sauce manufacturing process by PCR-
denaturing gradient gel electrophoresis. Food Microbiol. 31, 100–106. doi:
10.1016/j.fm.2012.02.005
Tanasupawat, S., Thongsanit, J., Okada, S., and Komagata, K. (2002). Lactic acid
bacteria isolated from soy sauce mash in Thailand. J. Gen. Appl. Microbiol. 48,
201–209. doi: 10.2323/jgam.48.201
ter Schure, E. G., Flikweert, M. T., Van Dijken, J. P., Pronk, J. T., and Verrips,
C. T. (1998). Pyruvate decarboxylase catalyzes decarboxylation of branched-chain
2-oxo acids but is not essential for fusel alcohol production by Saccharomyces
cerevisiae. Appl. Environ. Microbiol. 64, 1303–1307.
van der Sluis, C., Stoffelen, C. J., Castelein, S. J., Engbers, G. H., Ter Schure,
E. G., Tramper, J., et al. (2001). Immobilized salt-tolerant yeasts: application
of a new polyethylene-oxide support in a continuous stirred-tank reactor for
ﬂavour production. J. Biotechnol. 88, 129–139. doi: 10.1016/S0168-1656(01)
00264-4
Von Wright, A., and Axelsson, L. (2004). “Lactic acid bacteria: an intro-
duction,” in Lactic Acid Bacteria: Microbiology and Functional Aspects, eds
S. Salminen, A. Von Wright, and A. Ouwehand (New York, NY: Marcel Dekker),
2–16.
Ye, Y., Choi, J. H., and Tang, H. (2011). RAPSearch: a fast protein similarity
search tool for short reads. BMC Bioinformatics 12:159. doi: 10.1186/1471-2105-
12-159
Ye, Y., and Doak, T. G. (2009). A parsimony approach to biological pathway
reconstruction/ inference for genomes and metagenomes. PLoS Comput. Biol.
5:e1000465. doi: 10.1371/journal.pcbi.1000465
Yokotsuka, T., and Sasaki, M. (1997). “Fermented protein foods in the Orient: shoyu
and miso in Japan,” in Microbiology of Fermented Foods, ed. B. J. Wood (London:
Blackie Academic and Professional), 351–415.
Yong, F., and Wood, B. (1974). Microbiology and biochemistry of soy sauce fer-
mentation. Adv. Appl. Microbiol. 17, 157–194. doi: 10.1016/S0065-2164(08)
70558-6
Yvon,M., andRijnen, L. (2001). Cheese ﬂavour formation by amino acid catabolism.
Int. Dairy J. 11, 185–201. doi: 10.1016/S0958-6946(01)w00049-8
Zhao, J., Dai, X., Liu, X., Chen, H., Tang, J., Zhang, H., et al. (2009). Changes
in microbial community during Chinese traditional soybean paste fermenta-
tion. Int. J. Food Sci. Technol. 44, 2526–2530. doi: 10.1111/j.1365-2621.2009.
02079.x
Conflict of Interest Statement:The authors declare that the researchwas conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 31 July 2014; accepted: 05 October 2014; published online: 31 October 2014.
Citation: Sulaiman J, Gan HM, Yin W-F and Chan K-G (2014) Microbial succession
and the functional potential during the fermentation of Chinese soy sauce brine. Front.
Microbiol. 5:556. doi: 10.3389/fmicb.2014.00556
This article was submitted to Food Microbiology, a section of the journal Frontiers in
Microbiology.
Copyright © 2014 Sulaiman, Gan, Yin and Chan. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
www.frontiersin.org October 2014 | Volume 5 | Article 556 | 9
